1. Introduction {#sec1}
===============

With the development of the global economy, industrial demand for energy is increasing rapidly, accounting for half of the world\'s energy consumption. Additionally, demand for industrial energy is increasing at a rate of nearly 1% per year ([@bib11]). The direct and indirect emissions of carbon dioxide by the manufacturing sector currently account for more than 50% of all emissions ([@bib13]). Therefore, energy efficiency has become a key factor in industrial development. Improving energy efficiency can help enterprises reduce costs and remain competitive. Significant research has been conducted to improve energy efficiency through technological improvement ([@bib21]).

As one of the most important energy sources for industrial use, compressed air is widely used in the manufacturing industry because of its cleanness, availability, and usability. For manufacturing companies, however, the cost of compressed air is very high, because the energy conversion efficiency of compressed air is only 5--10% ([@bib18]). The energy consumed by compressed air is mainly reflected in the following three aspects: (1) the annual life-cycle cost of the air compressor and related equipment; (2) operation and maintenance costs of the equipment; and (3) the air consumption cost. Because of the low energy efficiency and long operating cycle of the compressed air system, air consumption cost accounts for 75% of all three costs ([@bib24]). Thus, improving the energy efficiency of air compressors is a rather challenging task.

Earlier studies on the pneumatic energy-saving system mainly focused on the design of the drive circuit ([@bib12]). Subsequent research primarily emphasized two aspects: the electrical energy consumed in producing and processing compressed air, and the consumption of compressed air in the terminal equipment ([@bib14]). In recent years, research on the conservation of compressed air focused mainly on improving and controlling pneumatic components and circuits ([@bib9]; [@bib19]). Such a mode of energy-saving is realized in two main ways: (1) the expansion energy of air can be used because of the compressibility of air; and (2) the exhaust air can be recycled.

As for using the expansion energy to do work, the dual-pressure control circuit has been proven to be effective in energy-saving. The pneumatic action system mainly involves extension and retraction of the pneumatic actuator with loads, but the processes of reciprocating motion are different. The basic idea of dual-pressure control is to drive with different air pressures during pneumatic reciprocating motion. One way to achieve dual-pressure control is to add a pressure-reducing valve to the exhaust circuit in which case the piston rod uses different pressures for air supply during the process of extension and retraction. This type of exhaust circuit can save 25% of the compressed air ([@bib1]).

There are two approaches to recycle the exhaust air: (1) adding an air storage device in the exhaust circuit as a supplementary air source, and (2) adding a by-pass valve to directly use the exhaust air. [@bib20] first proposed a method to store part of the high pressure air on the exhaust side in a container during the exhaust process. When the actuator moved in the opposite direction, this part of the air would enter the charging side as pressurized air, thereby saving energy. This principle now is being used to develop energy-saving cylinders. On the basis of the idea of a by-pass valve and digital-sliding mode, [@bib2] controlled the position of the pneumatic actuator system using all or part of the air in the previous chamber, and the system showed good accuracy and robustness, with an energy-saving rate of 29.5%. Likewise, to improve the energy efficiency of a servo-pneumatic-drive system, [@bib23] made full use of the exhaust air using a by-pass valve, and the energy-saving rate reached 12--52% under different working conditions. Other researchers have explored the pneumatic accumulator as another approach to recycle the air exhausted by the pneumatic system, including designing and manufacturing the accumulator as well as controlling the intake and exhaust of the air to save the energy ([@bib15]; [@bib3]).

To fully and simultaneously consider the expansion energy applied for work and the reuse of exhaust air, [@bib4] proposed a new type of bridge circuit. [Figure 1](#fig1){ref-type="fig"} shows the principle of its pneumatic basic circuit.Figure 1Schematic diagram of the bridge-type pneumatic energy-saving system.Figure 1

The basic idea was to apply the expansion energy for work and to recycle the exhaust air on the base of air compressibility. The expansion energy was applied for work by controlling the pressure of the intake and exhaust cavities, and the exhaust air was recycled by the by-pass valve. Then the aim of the system were transformed into solving the on--off time sequences of the four switch valves. [@bib4] solved the on--off time sequences of the four switch valves (not considering the by-pass valve) based on nonlinear dynamic optimization. In their work, considering energy as the optimization goal, system operating state equations (e.g., the mass flow equation, pressure differential equation, and piston kinematics equation) as the constraints, and the time sequences of the valves as the state control variables, programming was conducted in the optimized modeling language AMPL, and the time sequences were solved by calling the interior point method. According to the experimental results, the energy-saving rate was up to 85% compared with the traditional system. Following this idea, [@bib10] and [@bib5], [@bib6] also solved the time sequences for the four switch valves according to the idea of optimization. [@bib10] used the genetic algorithm to compute the time sequences, which verified that an energy-saving rate of 27--29% could be achieved by the dual-pressure control of the bridge-type pneumatic action system and the expansion energy could be applied for work. [@bib5], [@bib6] used the finite element method to discretize the system and further applied the interior point method to solve the time sequences. This method ensured better computational stability and tested the energy-saving and stability of the bridge circuits controlled the four switch valves under different working conditions, with an energy-saving rate of 50--70%. In addition, it was proposed that by controlling the bridge circuit, a certain adaptive buffer could be realized, which could avoid impact and crawl to some extent. Using the idea of a bridge circuit, many researchers carried out research on trajectory tracking control to achieve high precision trajectory tracking control of the cylinder while also saving energy ([@bib17], [@bib16]; [@bib8]). The air flow equation of the valve port of the reversing valve was established, and the pulse width modulation (PWM) signal was generated according to the pulse signal modulation method, thereby controlling the duty ratio of the high-speed switch valve. On this basis, the control model to track the pressure and trajectory of the pneumatic cylinder was established by different controllers (pneumatic PWM pressure control or feed forward pressure control), and the proposed air pressure and trajectory tracking control methods were numerically simulated and experimentally validated. The results of these studies verified the accuracy and feasibility of the control model and scheme, and provided an effective means to realize high-precision trajectory tracking control of the bridge circuit.

To summarize the previous researches on applying the expansion energy for work or recycling the exhaust air, the bridge-type pneumatic energy-saving circuit is an effective and unified method in the field of pneumatic energy-saving systems. [@bib4] and [@bib5], [@bib6] both proved the energy-saving characteristics of the bridge circuit. However, on-off sequence accuracy of the former was insufficient and only a single condition was considered; the latter algorithm was not quite steady. Based on these two research, a method in this study to explore and experimentally test the applicability of the bridge-type pneumatic energy-saving system was proposed with an improved algorithm and multiple-variable experiments. The energy-saving effects were performed with different system operating state and the sensitivity of the pneumatic system.

The structure of this paper is as follows: In the second section, a nonlinear dynamic optimization model with the air consumption as the objective function was established; additionally, this model based on the simultaneous collocation method to obtain the on--off time sequences of the four switch valves was solved. In the third section, the idea of optimization performance was introduced rating to evaluate the energy-saving performance and stability of the bridge circuit under different working conditions. In the fourth section, different types of test benches to validate the applicability of the bridge circuit was described. In the last section, conclusions were presented.

2. Modeling and optimization {#sec2}
============================

On the basis of a study conducted by [@bib5], [@bib6], to compute the time sequence control of the four valves (with the role of the by-pass valve temporarily not considered), the following mathematical model was conducted.$$\begin{array}{l}
{\underset{x{(t,u)},t_{0},t_{f}}{\arg\min}V_{st} = C_{v}P_{0}{\int_{t_{0}}^{t_{f}}\left\lbrack {u_{1}\left( t \right) \cdot \phi\left( {P_{0},x_{3}\left( t \right),b} \right) + u_{2}\left( t \right) \cdot \phi\left( {P_{0},x_{4}\left( t \right),b} \right)} \right\rbrack}dt,u\left( t \right) \in \left\{ 0,1 \right\}^{4}} \\
{st.th.} \\
\left\{ \begin{array}{l}
{\overset{˙}{x_{1}\left( t \right)} = x_{2}\left( t \right)} \\
{\overset{˙}{x_{2}\left( t \right)} = \frac{1}{m}\left( A_{ka}x_{3}\left( t \right) - A_{kb}x_{4}\left( t \right) - A_{r}p_{0} - F_{f}\left( t \right) \right)} \\
{\overset{˙}{m_{i}} = u_{i} \cdot C_{V,i}\rho_{0}\phi\left( {P_{0},x_{3}\left( t \right),b} \right) \cdot P_{0},i = 1,2,3,4} \\
{\overset{˙}{x_{3}}\left( t \right) = \frac{n}{V_{a}\left( t \right) + V_{ta}}\left( RT_{0}\overset{\bullet}{m_{a}\left( t \right)} - x_{3}\left( t \right) \cdot V_{a}\left( t \right) \right),\overset{\bullet}{m_{a}} = \overset{\bullet}{m_{1}} - \overset{\bullet}{m_{3}}} \\
{\overset{˙}{x_{4}}\left( t \right) = \frac{n}{V_{b}\left( t \right) + V_{tb}}\left( RT_{0}\overset{\bullet}{m_{b}\left( t \right)} - x_{4}\left( t \right) \cdot V_{b}\left( t \right) \right),\overset{\bullet}{m_{b}} = \overset{\bullet}{m_{2}} - \overset{\bullet}{m_{4}}} \\
\end{array} \right. \\
{and} \\
\left\{ \begin{array}{l}
{x_{1}\left( t \right) \in \left\lbrack {l_{d},l_{u}} \right\rbrack\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu} x_{2}\left( t \right) \in \left\lbrack {v_{d},v_{u}} \right\rbrack\mspace{9mu}\mspace{9mu}} \\
{x_{3}\left( t \right) \in \left\lbrack {p_{1d},p_{1u}} \right\rbrack\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu}\mspace{9mu} x_{4}\left( t \right) \in \left\lbrack {p_{2d},p_{2u}} \right\rbrack\mspace{9mu}\mspace{9mu}} \\
\end{array} \right. \\
{and} \\
\left\{ \begin{array}{l}
{\left\lbrack {x_{1}\left( t \right),x_{2}\left( t \right),x_{3}\left( t \right),x_{4}\left( t \right)} \right\rbrack_{t_{0}} = \left\lbrack {x_{1t_{0}},x_{2t_{0}},x_{3t_{0}},x_{4t_{0}}} \right\rbrack} \\
{\left\lbrack {x_{1}\left( t \right),x_{2}\left( t \right),x_{3}\left( t \right),x_{4}\left( t \right)} \right\rbrack_{tf} = \left\lbrack {x_{1tf},x_{2tf},x_{3tf},x_{4tf}} \right\rbrack} \\
\end{array} \right. \\
\end{array}$$where,$$\phi\left( {P_{0},x_{3}\left( t \right),b} \right) = \left\{ \begin{array}{l}
{1\ \quad\quad\quad\quad\quad\quad\quad\mspace{2mu}\frac{p_{0}}{x_{3}\left( t \right)} < b} \\
{\sqrt{1 - \left( \frac{\frac{p_{0}}{x_{3}\left( t \right)} - b}{1 - b} \right)^{2}}\quad\quad\frac{p_{0}}{x_{3}\left( t \right)} \geq b} \\
\end{array} \right.$$

The definitions and descriptions of parameters in the above equation are shown in [Table 1](#tbl1){ref-type="table"}.Table 1Parameters used in modeling.Table 1Parameter symbolMeaning*V*~*st*~/mlSystem air consumption$C_{v}$/dm∗3/(S.bar)Corresponding sonic conductance*P*~*0*~/MpaAir supply pressure*t*~*0*~, *t*~*f*~/sThe starting and ending times of system operation$u_{i} \in \left\{ 0,1 \right\}$On--off position of *i*^*th*^ valve$\phi\left( \cdot \right)$Stream functionb, m/kgCritical pressure ratio and load mass*x*~1~/mm, *x*~2~/m/s, *x*~3~/Mpa, *x*~4~/MpaDisplacement, speed, and pressure of chamber a and b${\overset{˙}{m}}_{i}$The *i*^*th*^ valve\'s mass flow (*i* = 1,2,3,4)${\overset{˙}{m}}_{a}$Mass flow through the chamber a${\overset{˙}{m}}_{\text{b}}$Mass flow through the chamber b*A*~*ki*~/m^2^Piston area*A*~*r*~/m^2^Piston rod area*F*~*f*~/NFriction*V*~*i*~*(x)*/ml*, V*~*ti*~/mlVolume and of the *i*^th^ chamber${\overset{˙}{V}}_{i}\left( \overset{˙}{x} \right)$Chamber volume gradientR, nAir constant and air polytrophic index*T*~0~/KAir temperature$p_{u}$/Mpa, $p_{d}$/MpaUpstream and downstream air pressureDThe cylinder diameterLThe cylinder strokemLoad

To solve the above optimization problem, the finite element orthogonal collocation method and the interior point method to compute the optimized time sequences was used (see the algorithm flow chart in [Figure 2](#fig2){ref-type="fig"}).Figure 2Flow chart of the algorithm solving the on--off time sequences of the switch valves.Figure 2

In this study, the fourth level of the Lobatto orthogonal configuration method was chosen, and the pseudo-code of the discretization program is the following [Figure 3](#fig3){ref-type="fig"}. After discretization, the dynamic optimization problem became a lagre scale NLP problem. The sacle was determined by the number of collocation points. Then, this paper proposed an improved interior point method to solve the NLP problem. This method could easily deal with equality or inequality constraint. The boundary constraint could be considered as an obstacle part of the objective function, which could avoid to calculate the constraint set during the solving process. Through this idea, only a series of sub-problems needed be done. More details can be found in [@bib22]. The algorithm routine was implemented in the AMPL programming environment ([@bib7]).Figure 3Pseudo-code of the discretization program.Figure 3

3. Applicability of the bridge-type pneumatic energy-saving system {#sec3}
==================================================================

The applicable range of the bridge-type pneumatic energy-saving system can be different under different working conditions. In this study, to analyze the applicability of the bridge-type pneumatic energy-saving system, the applicable range of the bridge-type pneumatic energy-saving system was obtained by fully optimizing and simulating the working conditions under different cylinder diameters, air pressures, and loads. Note that the research done in this study was based on the process of extension of the piston rod when the cylinder was installed horizontally.

To describe the optimization result more intuitively, the optimization results was divided into four levels: level 4 indicated the best optimization result, and the time sequence solved by the optimization method ([Figure 4](#fig4){ref-type="fig"}a) could be applied directly to the experiment; level 3 denoted the second-best optimization result, and the time sequence obtained ([Figure 4](#fig4){ref-type="fig"}b) needed to be properly adjusted before being used for experiments; level 2 indicated that the time sequence obtained appeared in a waveform ([Figure 4](#fig4){ref-type="fig"}c), which was difficult to adjust; and level 1 denoted the worst optimization result. The time sequence obtained at level 1 is shown in [Figure 4](#fig4){ref-type="fig"}d, which indicated that switch valve 1 controlling the intake was not opened from the starting moment, but after a period of time, which was inconsistent with actual application. Therefore, the on--off time sequences obtained at level 1 could not be used in this experiment.Figure 4Time sequences of the switch valves.Figure 4

3.1. Applicable range under different cylinder diameters {#sec3.1}
--------------------------------------------------------

Different types of cylinders with a cylinder diameter of 16--63 mm as research objects were selected. For different cylinder diameters, such parameters as switch valve, load mass, and cylinder stroke were also different. According to the actual application and data of the samples, the selected parameters are shown in [Table 2](#tbl2){ref-type="table"}.Table 2Parameters under different cylinder diameters.Table 2No.Cylinder diameter D \[mm\]Distance of travel L \[mm\]Air pressure *P*~*0*~ \[MPa\]Load m \[kg\]Value of electromagnetic valve C \[dm^3^/s∗bar\]Critical pressure ratio b1163000.67.20.30.452253000.618.50.580.453324000.628.51.10.384404000.648.51.10.385505000.668.51.960.556636000.698.51.960.55

According to the system parameters provided in [Table 2](#tbl2){ref-type="table"}, the optimization results under different cylinder diameters were divided into four levels based on the optimization result. Three-dimensional maps of the optimization results under different cylinder diameters were drawn in MATLAB ([Figure 5](#fig5){ref-type="fig"}).Figure 5Optimization results under different cylinder diameters.Figure 5

As shown in the figure,(1)When the cylinder diameter ranged from 16 mm to 63 mm, the travel time varied from 0.3 s to 0.9 s; if the travel time was too short, the displacement would mutate during the optimization process, but if the travel time was too long, switch valve 1 controlling the intake would be opened after a period of time rather than from the starting moment, which was inconsistent with actual application. Thus, the on--off time sequences obtained at this time could not be used in this experiment.(2)In the case of a short full-stroke time, the optimization result got worse as the cylinder diameter and stroke increased. As shown in [Table 2](#tbl2){ref-type="table"}, the load rates were similar under different cylinder diameters. The larger the cylinder diameter and stroke, the longer it took for the piston to arrived at the stroke end. In the case of a long stroke time, as the cylinder diameter and stroke decreased, the optimization result worsened.(3)When the cylinder diameter and stroke were small, the travel time range was relatively small and the travel time range increased as the cylinder diameter and stroke increased.

3.2. Applicable range under different air pressures {#sec3.2}
---------------------------------------------------

According to the applicable range of the bridge-type pneumatic energy-saving system under different cylinder diameters analyzed in Section [3.1](#sec3.1){ref-type="sec"}, when D was small, the travel time range also was small, whereas when D was large, the travel time range as relatively large as well. Therefore, in this section, the applicable range of the bridge-type pneumatic energy-saving system under different air pressures were analyzed when D was between 16 mm and 63 mm.

The CDA2L63-600N-M9BW model produced by SMC for the cylinder with a diameter of 63 mm was selected. According to the sample data, the selected air pressure range was 0.2--0.7 MPa. Under different air pressures, the theoretical output force of the cylinder was different, and the load that could be driven also was different. On the basis of the selected air pressure, an appropriate load mass was selected ([Table 3](#tbl3){ref-type="table"}).Table 3Parameters under different air pressures with D = 63 mm.Table 3No.Air pressure \[MPa\]Load \[kg\]10.228.520.338.530.458.540.578.550.698.560.7108.5

According to the system parameters provided in [Table 3](#tbl3){ref-type="table"}, the on--off time sequences of the switch valves was optimized under different air pressures and divided the optimization results into four levels ([Figure 6](#fig6){ref-type="fig"}). To more intuitively reflect the travel time range under different supply pressures, the *x*-axis was reversed.Figure 6Optimization results under different air pressures with D = 63 mm.Figure 6

As shown in the figure:(1)When D = 63 mm and *P*~*0*~ ranged from 0.3 MPa to 0.7 MPa, the travel time varied from 0.5 s to 0.85 s;(2)When the air pressure was 0.2 MPa, the time sequence was obtained with the form a waveform, which was difficult to adjust;(3)In the case of a short stroke time, the optimization result got worse as the pressure decreased; when the pressure was small, the volume flow of the air was small as well and the piston motion time naturally became longer when the load, cylinder diameter, and other external conditions were determined.

The AND-16-300-A-P-A model produced by FESTO for the cylinder with a diameter of 16 mm was selected. According to the sample data, the selected air pressure range was 0.2--0.7 MPa. The specific parameters are shown in [Table 4](#tbl4){ref-type="table"}.Table 4Parameters under different air pressures with D = 16 mm.Table 4No.Air pressure *P*~0~ \[MPa\]Load m \[kg\]10.22.220.34.230.45.240.56.250.67.260.78.2

On the basis of the system parameters provided in [Table 4](#tbl4){ref-type="table"}, the optimization result was obtained ([Figure 7](#fig7){ref-type="fig"}).Figure 7Optimization results under different air pressures with D = 16 mm.Figure 7

As shown in the figure:(1)When D = 16 mm and *P*~*0*~ ranged from 0.3 MPa to 0.7 MPa, the travel time ranged from 0.35 s to 0.55 s;(2)When the air pressure was 0.2 MPa, the time sequence was obtained in the form a waveform, which was difficult to adjust.

By analyzing the optimization results under different air pressures with D = 63 mm and 16 mm, it was evident that the optimization result was rather poor when the supply pressure was 0.2 MPa. The bridge-type pneumatic energy-saving system was applicable within an air pressure range of 0.3 MPa--0.7 MPa under the two different cylinder diameters.

3.3. Applicable range under different loads {#sec3.3}
-------------------------------------------

According to the applicable range of the bridge-type pneumatic energy-saving system under different air pressures in Section [3.2](#sec3.2){ref-type="sec"}, when the supply pressure was 0.2 MPa, the optimization results were not ideal. Therefore, in this section, the applicable range of the bridge-type pneumatic energy-saving system was explored under different loads only when the air pressure was 0.3 MPa, 0.5 MPa, or 0.7 MPa.

When D = 63 mm, the selected load parameters are shown in [Table 5](#tbl5){ref-type="table"}.Table 5Parameters under different loads with D = 63 mm.Table 5No.Air pressure \[MPa\]Load m \[kg\]10.328.520.338.530.348.540.558.550.568.560.578.570.798.580.7108.590.7118.5

According to the system parameters provided in [Table 5](#tbl5){ref-type="table"}, the optimization results was obtained ([Figure 8](#fig8){ref-type="fig"}).Figure 8Optimization results under different loads with D = 63 mm.Figure 8

As shown in the figure:(1)When D = 63 mm, the travel time ranged from 0.5 s to 0.9 s;(2)When D = 63 mm and P0 ranged from 0.3 MPa to 0.7 MPa, the load mass varied from 28.5 kg to 118.5 kg.

When D = 16 mm, the selected load parameters are shown in [Table 6](#tbl6){ref-type="table"}.Table 6Parameters under different loads with D = 16 mm.Table 6No.Air pressure \[MPa\]Load \[kg\]10.33.220.34.230.55.240.56.250.77.260.78.270.79.2

According to the system parameters provided in [Table 6](#tbl6){ref-type="table"}, the optimization results were obtained ([Figure 9](#fig9){ref-type="fig"}).Figure 9Optimization results under different loads with a cylinder diameter of 16 mm.Figure 9

As shown in the figure:(1)When D = 16 mm, the travel time ranged from 0.3 s to 0.55 s;(2)When D = 16 mm and *P*~0~ ranged from 0.3 MPa to 0.7 MPa, the load mass varied from 3.2 kg to 9.2 kg.

By analyzing the optimization results under different loads with a cylinder diameter of 63 mm and 16 mm, under the same air pressure, it was found that the travel time increased with an increase in the load. When D = 63 mm and *P*~0~ ranged from 0.3 MPa to 0.7 MPa, the load mass was applicable within the range of 28.5 kg--118.5 kg. When D = 16 mm and *P*~0~ ranged from 0.3 MPa to 0.7 MPa, the load mass was applicable within the range of 3.2 kg--9.2 kg.

4. Experimental validation {#sec4}
==========================

On the basis of the applicable range of the bridge circuit explored in the third section, the bridge circuit was applicable when the cylinder diameter ranged from 16 mm to 63 mm, the air pressure varied from 0.3 MPa to 0.7 MPa, and the load ranged from 3.2 kg to 118.5 kg. To further test the applicable range of the bridge circuit, on the basis of the built test benches (i.e., the composition of the test benches and parameters of their components were set according to the study conducted by Du et al. \[18\]), a experiment test rig was established on the base of the on--off time sequences of the four switch valves obtained by the optimization method. The experimental test bench was shown in [Figure 10](#fig10){ref-type="fig"}, which was mainly composed of four 2/2 directional control valve, a dual acting cylinder, two flow meters, a displacement sensor and two pressure sensors. By monitoring the displacement of the piston motion and the displacement error allowed by the system, the applicable range of the bridge circuit was determined.Figure 10Experimental table for the bridge pneumatic energy-saving circuit.Figure 10

For bridge circuits with a cylinder diameter of 16 mm and 63 mm, when different full stroke times were set in the optimization, the piston\'s displacements were measured ([Table 7](#tbl7){ref-type="table"}). The error rate refers to the deviation of the actual displacement from the cylinder stroke.Table 7Applicable range under different cylinder diameters.Table 7Load \[kg\]Air pressure \[MPa\]Time range obtained by dynamic optimization \[s\]Full stroke time set in the optimization \[s\]Displacement of the piston in the bridge circuit experiment \[cm\]Error rate7.20.60.45--0.60.4520.133%0.529.13%0.553000.616.246%98.50.60.6--0.850.658.52.5%0.6558.91.8%0.76000.756000.86000.8557.14.8%

As shown in [Table 7](#tbl7){ref-type="table"}, for a bridge circuit with a cylinder diameter of 16 mm and a stroke of 300 mm, when the air pressure was 0.6 MPa and the load mass was 7.2 kg, the following was observed:(1)When the travel time set in the optimization was 0.55 s, the piston could reach the end stroke;(2)The full travel time range available in the experiment was significantly smaller than the full travel time range available for optimization;(3)The shorter the travel time, the greater the rebounded displacement after the piston arrived at the end stroke.

When the travel time set in the optimization was relatively short, switch valve 1 opened for a long time. That is, more compressed air will enter the air intake chamber, so that the piston will experience a large impact and rebound.

For the bridge circuit with a cylinder diameter of 63 mm and a stroke of 600 mm, when the air pressure was 0.6 MPa and the load mass was 98.5 kg, the following was observed:(1)When the travel time set in the optimization was 0.7 s--0.8 s, the piston could reach the end stroke;(2)The full travel time range available in the experiment was significantly smaller than the full travel time range available for optimization;(3)When the travel time set in the optimization was relatively short, switch valve 1 was opened for a long time, resulting in large impact and rebound;(4)When the travel time set in the optimization was relatively long, switch valve 1 opened for a short time, whereas it took a long time to open switch valve 4. Because of the opening pressure of the pipeline and check valve in the circuit, less compressed air entered the air intake chamber, preventing the piston from reaching the end of the stroke.

As discussed in Section [3.2](#sec3.2){ref-type="sec"}, when D = 16 mm and L = 300 mm, the bridge circuit achieved a good optimization result within the air pressure range of 0.3--0.7 MPa. According to the parameters in [Table 4](#tbl4){ref-type="table"}, when the travel time was set differently in the optimization, the displacements of the piston were measured ([Table 8](#tbl8){ref-type="table"}).Table 8Applicable range under different air pressures with D = 16 mm.Table 8Load \[kg\]Air pressure \[MPa\]Time range obtained by dynamic optimization \[s\]Full stroke time set in the optimization \[s\]Displacement of the piston in the bridge circuit experiment \[cm\]Error rate4.20.30.5--0.550.525.814%0.553005.20.40.4--0.550.48.771%0.4522.126.3%0.53000.5525.714.3%6.20.50.4--0.550.412.259.3%0.4518.438.7%0.525.515%0.553008.20.70.4--0.550.415.548.3%0.4521.229.3%0.53000.5524.817.3%

As shown in [Table 8](#tbl8){ref-type="table"}, for the bridge circuit with D = 16 mm and L = 300 mm, when the air pressure varied from 0.3 MPa to 0.7 MPa, the following was observed:(1)For each working condition, there was an on--off time sequence of the switch valve that made the piston reach the end stroke;(2)The full travel time range available in the experiment was significantly smaller than the full travel time range available for optimization;(3)If the travel time set was too short or too long, the piston would experience different degrees of impact and rebound;

As noted in the previous section, when D = 63 mm and L = 600 mm, the bridge circuit achieved a relatively good optimization result within the air pressure range of 0.3--0.7 MPa. According to the parameters in [Table 5](#tbl5){ref-type="table"}, when the travel time was set differently in the optimization, the displacements of the piston were measured ([Table 9](#tbl9){ref-type="table"}).Table 9Applicable range under different air pressures with D = 63 mm.Table 9Load \[kg\]Air pressure \[MPa\]Time range obtained by dynamic optimization \[s\]Full stroke time set in the optimization \[s\]Displacement of the piston in the bridge circuit experiment \[cm\]Error rate38.50.30.65--0.80.6557.83.7%0.76000.7554.78.8%0.850.316.2%58.50.40.6--0.750.66000.656000.756.65.7%0.7555.57.5%78.50.50.55--0.80.5558.91.8%0.659.11.5%0.656000.76000.7558.23.0%0.855.67.3%108.50.70.5--0.850.544.226.3%0.5545.923.5%0.656.75.5%0.6559.21.3%0.76000.756000.86000.8558.82.0%

As shown in [Table 9](#tbl9){ref-type="table"}, for the bridge circuit with D = 63 mm, when *P*~0~ ranged from 0.3 MPa to 0.7 MPa, the following was observed:(1)For each working condition, there was one or more on--off time sequences of the switch valve that made the piston reach the end stroke;(2)The full travel time range available in the experiment as significantly smaller than the full travel time range available for optimization, but as the air pressure increased, the full travel time range available in the experiment also increased;(3)If the travel time set was too short, the piston would experience different degrees of impact and rebound; if the travel time set was too long, the piston would not arrived at the stroke end.

The conclusion obtained in the third section applies to the two bridge circuits with different cylinder diameters---that is, when the air pressure as within the range of 0.3--0.7 MPa, each working condition corresponded to one or more on--off time sequences of the switch valve that could make the piston finish the stroke. If the travel time set was too short or too long, the cylinder experienced impact and rebound to varying degrees, or the piston did not arrived at the stroke end.

As noted in Section [3.3](#sec3.3){ref-type="sec"}, when D = 16 mm and L = 300 mm, the bridge circuit achieved an ideal optimization result as the load ranged from 3.2 kg to 9.2 kg. According to the parameters in [Table 6](#tbl6){ref-type="table"}, when different full stroke times were set in the optimization, the displacements of the piston were measured ([Table 10](#tbl10){ref-type="table"}).Table 10Applicable range under different loads with D = 16 mm.Table 10Load \[kg\]Air pressure \[MPa\]Time range obtained by dynamic optimization \[s\]Full stroke time set in the optimization \[s\]Displacement of the piston in the bridge circuit experiment \[cm\]Error rate3.20.30.45--0.50.4524.518.3%0.53004.20.30.5--0.550.525.814%0.553005.20.50.35--0.50.356.578.3%0.420.133%5.20.50.35--0.50.453000.527.19.6%6.20.50.4--0.550.412.259.3%0.4518.438.7%0.525.515%0.553007.20.70.35--0.550.3510.963.7%0.415.747.7%0.4518.239.3%0.524.518.3%0.5519.734.3%8.20.70.4--0.550.415.548.3%0.4521.229.3%0.53000.5524.817.3%9.20.70.4--0.550.410.664.7%0.4518.239.3%0.526.910.3%0.55300

As shown in [Table 10](#tbl10){ref-type="table"}, for the bridge circuit with D = 16 mm and L = 300 mm, when the load mass ranged from 3.2 kg to 9.2 kg, the following was observed:(1)For each working condition, there was one on--off time sequence of the switch valve that made the piston reach the end stroke;(2)The full travel time range available in the experiment was significantly smaller than the full travel time range available for optimization;(3)If the travel time set was too short or too long, the cyllinder would experience impact and rebound to varying degrees;(4)When the air pressure was 0.7 MPa and the load mass was 7.2 kg, the piston would not arrived at the stroke end regardless of any change in the travel time. When the load mass was relatively small, the friction force model used in the optimization differed greatly from the actual frictional force of the test bench, and switch valve 1 would open for a short time, so the piston could not arrived at the stroke end.

According to Section [3.3](#sec3.3){ref-type="sec"}, with D = 63 mm and L = 600 mm, the bridge circuit achieved a good optimization result within a load range of 28.5--118.5 kg. On the basis of the parameters in [Table 5](#tbl5){ref-type="table"}, when different full stroke times were set in the optimization, the displacements of the piston were measured ([Table 11](#tbl11){ref-type="table"}).Table 11Applicable range under different loads with D = 63 mm.Table 11Load \[kg\]Air pressure \[MPa\]Time range obtained by dynamic optimization \[s\]Full stroke time set in the optimization \[s\]Displacement of the piston in the bridge circuit experiment \[cm\]Error rate28.50.30.65--0.80.6554.29.7%0.755.67.3%0.7550.915.2%0.849.218.0%48.50.30.7--0.80.759.31.2%0.756000.858.42.7%58.50.50.6--0.750.66000.6557.44.3%0.752.911.8%0.7551.913.5%78.50.50.55--0.80.5558.91.8%0.659.11.5%0.6560078.50.50.55--0.80.76000.7558.23.0%0.855.67.3%98.50.70.5--0.80.547.820.3%0.5548.619.0%0.658.91.8%0.656000.76000.7559.01.7%0.857.24.7%118.50.70.55--0.90.5545.624.0%0.654.39.5%0.6558.62.3%0.759.11.5%0.756000.86000.856000.956.95.2%

As shown in [Table 11](#tbl11){ref-type="table"}, for the bridge circuit with a bore of 63 mm and a stroke of 600 mm, when the load mass was in the range of 38.5 kg--118.5 kg, the following was observed:(1)For each working condition, there was an on--off time sequence of the switch valve that made the piston reach the end stroke;(2)The full travel time range available in the experiment was significantly smaller than the full travel time range available for optimization, but as the load mass increased, the full travel time range available in the experiment increased as well;(3)If the travel time was too short, the cylinder would experience different degrees of impact and rebound; if the travel time was too long, the piston can not arrived at the stroke end;(4)When *P*~0~ = 0.3 MPa and m = 28.5 kg, the piston did not arrived at the stroke end regardless of any change in the travel time.

5. Conclusion {#sec5}
=============

The basic principle of the bridge-type pneumatic energy-saving system is to control the intake and exhaust time sequences of the air cylinder with the four switch valves by applying the expansion energy of air for work to achieve energy-savings. Because of the compressibility of the air, however, the pneumatic system is often sensitive and the control accuracy thus can be rather poor. Therefore, the applicability of the bridge-type pneumatic energy-saving system needed to be further tested. To solve this problem, a method was proposed in this study to explore and experimentally test the applicability of the bridge-type pneumatic energy-saving system. A nonlinear dynamic optimization model with the air consumption as the objective function was established. The model was solved based on the simultaneous collocation method to obtain the on--off time sequences of the four switch valves. The idea of optimization performance was introduced rating to evaluate the energy-saving performance and stability of the bridge circuit under different working conditions. The main conclusions are as follows:(1)The applicable range of the bridge circuit was studied. Given the different cylinder diameters, air pressures, and loads, a large number of optimizations and simulations in an AMPL environment were conducted by setting different full stroke times and numbers of discrete points to obtain the applicable range of the bridge circuit. When D was within the range of 16--63 mm and the travel time varied from 0.3 s to 0.9 s, the bridge circuit featured great applicability and could completely replace the traditional circuit, which not only saved energy and but also ensured stability. The larger the cylinder diameter and stroke, and the longer the travel time, the more stable the operation of the bridge circuit;(2)When D = 16 mm, the bridge circuit was applicable at air pressure ranging from 0.3 MPa to 0.7 MPa, and the load mass varied from 3.2 kg to 9.2 kg. With a cylinder diameter of 63 mm, the bridge circuit was applicable within an air pressure range of 0.3 MPa--0.7 MPa and a load mass range of 38.5 kg--118.5 kg. If the travel time set was too short or too long, the piston experienced impact and rebound to varying degrees, or the piston would not be able to arrived at the stroke end.

Compared with existed research by [@bib4] and [@bib5], [@bib6], the applicability and sensitivity of the bridge pneumatic circuit have been established by using an orthogonal collocation optimization method and multiple-variable experiments. It is concluded that the pneumatic system is quite sensitive to changes in operating conditions and the bridge circuit has significantly different performances under different working conditions, because of the strong compressibility of the air. In general, the bridge circuit proposed in this study not only performs well in energy-saving and stability but also has a wide range of applicability, which has solved the problem of low-energy efficiency of traditional circuits, laying a solid technical foundation for research on the energy-saving performance of pneumatic systems. In this study, it was demonstrated only that the bridge circuit had the potential to replace the traditional circuit. The point of applicability for engineering practice has not yet been reached and a significant amount of work remains, including the following:(1)Research on the operation characteristics of the bridge circuit based on five switch valves;(2)Research on other control performance of the bridge circuit---for example, whether buffering can be replaced and whether servo control can be realized;(3)Development of a digital control valve based on the bridge circuit to finally apply this idea to engineering practice.
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